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ABSTRACT 
An experimental program was conducted on the strength and 
toughness of low sulfur A737 Grade C pressure vessel steel in two 
conditions of heat treatment, normalized and quenched and tempered. 
Tensile properties, static fracture toughness, and dynamic fracture 
toughness were measured over a temperature range from -100 C 
(-148°F) to 22°C (72°F).  Charpy Impact tests were run over a 
range from -100°C to 50°C (122°F), and the Nil-Ductility Transi- 
tion Temperature was evaluated. 
Results indicated that mechanical properties improve some- 
what by quenching and tempering the steel. Room temperature 
yield strength increases to 465 MPa (67.5 ksi) by quenching and 
.tempering, compared to 402 MPa (58.3 ksi) through normalizing. 
Static fracture toughness values ranged from .102 MPavm" (93 ksi 
/in) to 213 MPav^ (194 ksi/in) for the normalized steel over the 
temperature range tested, and from 155 MPa*£i (141 ksi/in) to 
248 MPa^m (226 ksi/in) for the quenched and tempered steel, the 
toughness increasing with temperature for both conditions. 
Dynamic toughness exhibited similar behavior, varying from 128 
MPavGT CH6 ksi/in) to 308 MPai'm" (281 ksi/in) for the normalized 
steel, and from 123 MPaVm" (112 ksi/in) to 379 MPa^S (345 ksi/in) 
for the quenched and tempered steel 
A limited investigation of the prospects of strengthening 
this steel by interphase precipitation was conducted. It was 
found that interphase precipitation could be produced by austeni- 
tizing at 1200°C (2192°F), and then quenching to 725°C (1337°F) 
and holding for one hour. Yield strength was increased to 
529 MPa (76.7 ksi) by this heat treatment. However, ductility 
decreased, the Charpy impact energy transition temperature 
was shifted upward by 80 C, and the static fracture toughness 
at room temperature dropped to 66 MPat^n (60 ksi^in). 
INTRODUCTION 
Background 
As the materials Industry has moved towards more complex 
and critical applications, it has become increasingly evident 
that the traditional view of yield strength as the predominant 
design criterion for structures is not always a viable concept. 
While a joint or member must, of course, be able t;o support 
the static stresses imposed upon it in service, the material 
strength is now recognized as only one of several properties 
which must be taken into account during the design process. 
When dealing with pressure vessel design, the fracture 
toughness capabilities of the material in question take on added 
significance, due to the nature of the structure. Since the 
presence of flaws created during construction of the vessel 
is often associated with corrosive environments and/or cyclical 
loading in service, it is quite possible for cracks of  .__. 
significant size to propagate. Ideally,.the material should be 
tough enough to allow a through-thickness flaw to develop before 
failure occurs; otherwise detection of the defect can be quite 
difficult. Since pressure vessel walls often are 200 mm (*\»8 
inches) or more thick, a significant degree of fracture toughness 
is necessary for the material to fulfill this requirement. Thus, 
a typical steel used for pressure vessel service has always 
combined relatively low strength (241-345 MPa(35-50 ksi)) with 
relatively high toughness. , 
During the past decade, newer generations of pressure 
vessel-grade steels have been developed which generally employ 
some combination of fine-grained heat treatment practice, improved 
cleanliness through improved melting procedures, and microalloying 
additions of carbide-forming elements. These steels offer higher 
strength (345-621 MPa (50-90 ksi)) than previously available, with- 
out a sacrifice of fracture toughness. However, until a complete 
range of mechanical property data is developed for an individual 
steel, that steel cannot be used in a pressure vessel application. 
With this in mind, the Pressure Vessel Research Committee 
of the Welding Research Council began in 1974 to fund research 
programs intended to develop mechanical property data for promising 
pressure vessel-grade microalloyed steels. It is expected that 
such data will be available to industry to aid in the design and 
construction of pressure vessel components in the near future. 
Fracture Mechanics 
Two classical tests for fracture toughness are the Charpy 
impact test and the Nil-Ductility Transition Temperature (NDTT) 
test, which are standard procedures outlined in ASTM specifications 
E23 and E208, respectively. Both tests measure the resistance 
to fracture under impact load conditions in the presence of a 
-stress concentration; for ferritic steels, both place great 
importance on the temperature of the test. However, the inter- 
pretation of the test results, and their application to the actual 
4 
design, is left to the individual engineer. Since the tests 
are largely qualitative, much depends upon the engineer's 
experience with similar materials. Although correlations can 
be drawn, no fundamental relationship between Charpy Impact 
energy or the NDTT and useable fracture toughness has been 
developed. 
More recently, the concept of Linear Elastic Fracture 
Mechanics (LEFM) has been developed and utilized in determining 
fracture toughness. The test procedure for determining plane 
strain fracture toughness,K--, is also a standard test, described 
in ASTM specification E399. The expression K_ is a conservative 
number, and is the minimum value of static fracture toughness 
with respect to plate thickness; that is, K_ will not reduce 
as plate thickness increases further. Ky„  can also be used 
in calculations to determine maximum allowable stress in a 
given situation. As such, it represents a great improvement 
over the Charpy and NDTT tests. 
There are limitations to the use of LEFM, however. This 
concept is designed for materials which have little or no 
plastic deformation prior to failure. Pressure vessel steels, 
with their great toughness and ductility combined with moderate 
strength, are the very type of material which should not be 
tested in this manner. Additionally, the K__ test has a specimen 
size limitation, to insure that plane strain conditions are in 
force during the test: 
B>2.5(KIC/aYS)2 (1) 
where B is the specimen thickness and ave is the yield strength YD 
in tension of the material. It is not uncommon for the specimen 
thickness necessary to fulfill this criterion to be 500 mm 
(19.7 inches) or more. This results in an unwieldly and 
prohibitively expensive testing program. 
During the last dozen years a more fundamental fracture 
toughness parameter has been developed; this is the J integral, 
which applies equally to linear elastic and elastic-plastic 
conditions, and has a much less stringent size requirement. 
First proposed by Rice^ ' in 1968, the J integral is 
defined by 
J -/ (Wdy -I'-|dB) (2) 
r 
where 
. ' W - W(x,y) = W(e) - j    o^ de^ (3) 
o 
Here a., is all stresses in a two-dimensional deformation field, 
e is the infinitesimal strain tensor, W is the strain energy 
density, T  is any given curve surrounding the notch tip, T is 
the traction vector, u is the displacement vector, and ds is an 
element of arc length along T.    Rice also proposed that the J 
could be measured by 
T   dU 
da 
where U is potential energy and a is the crack length. This 
equation interprets the J integral as the potential energy 
difference between two identical bodies with slightly different 
crack lengths. For elastic-plastic materials, the J can be con- 
sidered a measure of the characteristic crack tip elastic-plastic 
field.<2) 
Since this time, much research has been devoted to the best 
(3) 
method of measuring the J-integral. Rice, .et.al.   proposed 
an approximation utilizing a load-load line displacement trace 
where A is the area under the load-load line displacement curve, 
B is the specimen thickness, and b the unbroken ligament remaining 
(4) 
after testing. Landes and BegleyN ' suggested that the critical 
fracture toughness, JTr» occurred at the point of first crack 
advance, and could be measured at the intersection of the line 
determined by Equation 4 and the so-called "blunting line" 
J
- 
2aflow Aa <5> 
thus termed since this is a measure of crack blunting /rather than 
. crack extension. Here af1  is the average of the material's yield 
and tensile strengths, and Aa is the crack extension. For large 
crack lengths (a/W >.6, where W is the specimen length), it was 
found that Equation 4 compared well with Equation 3. 
To account for axial forces as well as bending moment, 
Merkle and Corten   introduced a modification to Equation 4 
_ 2A (1 + a) ,fi* J
 " lb ■-   .    L (6) (1.+ a ) 
where a is dependent upon specimen geometry and crack length. 
Landes and Begley   suggested that several specimens be used to 
calculate the J__ value, varying only the amount of crack 
extension (Aa) during the test. An R-curve could then be 
constructed, using the J values from the individual specimens 
as data points. The intersection of the R-curve and the 
blunting line (Equation 5) could be taken as the critical 
fracture toughness, JTC. 
Test programs utilizing various test procedures as they became 
known have been conducted at Lehigh,  * *  with some degree of 
success. A recent recommended procedure   has refined the 
method described above, and introduced some limitations to 
further insure reliable data. To minimize the plastic zone 
introduced during precracking of the test specimens, a maximum 
of one-quarter the expected load maximum is suggested. The 
maximum expected load is calculated by 
PL - (BbSrlow)/(2W + a) (7) 
for compact tension specimens, and 
PL- (4/3)(Bb2aflow/S) (8) 
8 
for three point bend specimens, where S Is the span. This Is 
far more restrictive than the limitation Imposed In E399. 
A minimum of four specimens Is recommended for construction 
of the R-curve, using Equation 6 to calculate the individual 
J values.  The term a is defined as 
a "Wt ,2 fea /by + 2(2a /b) + 2 - (2a /b + 1) (9) o •        o o 
where a is the original crack length. The R-curve is to be 
constructed by a least-squares fit of the J values. The blunting 
line is calculated by Equation 5, and two offset lines are 
constructed, parallel to the blunting line and originating at 
0.15 mm and 1.5 mm on the x-axis. Specimens^which have aAa 
between the intersections of the offset lines arid the R-curve 
may be used to construct the R-curve; other specimens are 
considered invalid. The specimens must also meet the size 
requirements 
B>25(JQ/aflow) (10) 
and 
b>25(J/oflow) (11) 
Here, JQ is the intersection of the blunting line and the R-curve 
arid J is the value of the individual specimen, according to 
Equation 6.  If these criteria are met, then Jn ■ ^TP* 
In the event that no significant crack extension occurs 
prior to failure, that is, 
Aa
 
>
 
J/?flow (12) 
is not fulfilled, then the area under the load-load line 
displacement trace up to maximum load is used in Equation 6, 
and this value is taken to be JTC-    A minimum of three specimens 
is. recommended to compute an average in this eventuality. 
While the J__ value is a perfectly acceptable fracture'' 
toughness parameter, it is common to convert this to a K_r 
value for the purposes of calculation and comparison. This may 
2 be done using an expression proposed by Begley and Landes 
Y 1-u 
where E is Young's elastic modulus and u is poisson's ratio. 
For materials which exhibit strain rate sensitivity, a 
desired quantity is the dynamic fracture toughness, which may 
(11) be a more important property than the static fracture toughness. 
This is a more elusive property to measure, since the high 
strain rates caused by impact loads are difficult to record, 
and it is often uncertain at what point crack propagation com- 
mences. 
To calculate the critical strain energy release rate, J_., 
an instrumented impact load is dropped onto a precracked three- 
point bend specimen, of the type detailed in ASTM specification 
E399. The strain gauges attached to the impacting tup measure 
the load transferred to the test specimen; a load vs. time 
10 
Is 
trace can be plotted on an x-y recorder. To calculate the 
j 
energy required for failure, the expression:. 
tm 
,. - V    / Q J       P d t (14) 
tm 
Is used, where. /   Pdt is the area under the load-time 
trace up to maximum load, V is the velocity of the impacting 
tup when it strikes the specimen, and W is the energy to 
fracture. Maximum load is associated with crack initiation for 
lack of a better starting point. The velocity can be measured 
by 
VQ = TTgh (15) 
where g is the gravitational constant and h is the height from 
which the weight is dropped. 
From the energy to failure, the dynamic fracture toughness 
can be calculated by 
/2W I 
Kcd " "^cd-V-W- (16) 
In addition to the problems of determining initiation, the J_. 
value does not include inertial effects associated with dynamic 
deformation.  Therefore, It must be remembered that J., has 
limited meaning. 
A method of comparing fracture resistance of steels having 
different yield strengths has been proposed by Shoemaker and 
U 
C12) - 
Rolfe.-    They used the ratio KT_/aY_ as a measure of crack 
toughness performance.  Since this ratio measures both critical 
crack tip plastic zone size and a critical flaw size parameter, 
a large ratio is an indication of good failure resistance. 
Steels with similar ratios should have similar fracture resistance 
in terms of critical flaw size, regardless of yield strength. 
The ratio for dynamic properties, K, /a ,, can also be used for 
comparative purposes. 
Carbide Precipitation Control 
The traditional method of strengthening plain carbon and 
low alloy steels and simultaneously developing excellent toughness 
has been through quenching and tempering of the material. The 
quenching step produces martensite or bainite and a fine grain 
size, which will Increase the strength of the steel. The 
tempering step reduces residual stress and improves ductility 
and toughness. Drawbacks of this'heat, treatment method include 
the two-stage process, quench cracking possibilities- (relatively 
slight for this carbon content), and the necessity of alloying 
additions to improve hardenability. For steels strengthened.by 
quenching and tempering, the carbide phase is finely dispersed 
as random precipitates produced during tempering. 
Recent studies indicate that there may be an alternative 
strengthening method available for certain steels which contain 
alloying elements which are strong carbide formers. By controlling 
* 12 
theiheat treatments to somewhat unusual time-temperature para- 
meters, a very fine dispersion of alloy carbide particles can 
be produced throughout the matrix, which can greatly increase 
the strength of the steel beyond what could ordinarily be 
expected.  The carbide precipitation can be manifested in one 
of two ways, by fibrous precipitation or by interphase 
(13) precipitation.v ' 
While the strengthening effects of this precipitation have 
been long known, particularly in the controlled rolling of 
microalloyed steels, it was not until after the development of 
thin foil Transmission Electron Microscope techniques that it 
could be studied with respect to mechanism and control.  Inter- 
phase precipitation, which is more well understood than fibrous 
precipitation, consists of parallel sheets of carbide precipitates 
which- align with austenite/ferrite grain boundaries. The particle 
size and sheet; spacing vary with alloying element, composition, 
and. heat treatment, but a typical particle size will be 2-20 nm 
and a typical sheet spacing 20 nm to 100 nm.  It is necessary to 
austenitize the steel to a temperature which will dissolve most 
existing carbides, and to quench to a high temperature (in an 
Iron-Vanadium-Carbon system, this can be 6.50-850°C (1202-1562°F)) 
for the precipitation to form. As the austenite transforms into 
' ferrite, the grain boundary progresses by discrete steps into the 
austenite, leaving behind a sheet of precipitation.  (The particle 
size and sheet spacing can be varied through temperature control. 
13 
A higher transformation temperature results in a coarser particle 
and spacing.) As such, the interphase precipitate sheets mark 
a position which was at one time a grain boundary, and remain 
Q4) parallel to the final boundary.v ' Not surprisingly, the 
carbides conform to a regular crystallographic orientation: 
a
°° Carbide" {100>a   ~- 
^carbide"*00^ 
These relations hold for most alloy systems. Molybdenum is a 
notable exception, as it follows a hexagonal crystallographic 
orientation.^ ^ 
As stated, fibrous precipitation is not as well understood, 
but is generally considered to be a competitive morphology 
with interphase.  It generally forms normal to the austenite- 
ferrite grain boundaries, and often will form in a grain also 
exhibiting interphase precipitation.  ' Honeycombe suggests 
it may be due to a temporary stoppage of the advancing grain boun- 
dary during transformation, where particles then form fibers in 
a pearlitic fashion until the boundary movement is resumed. The 
amount of fibrous precipitation can be increased by addition of 
an.element which slows down the austenite-ferrite transformation, 
•educ: 
(18) 
such as manganese    or nickel, or by re ing the temperature 
at which the transformation takes place. 
Manganese has a further effect on the precipitation trans- 
formation.  It both slows down the transformation, as noted, and 
14 
also displaces the transformation to a lower temperature. There- 
o 
fore, while a Fe-V-C ternary system can transform at 650-850 C 
in less than a minute* a more realistic steel system, containing 
perhaps 1% Manganese, will transform between 600-750 C (1112- 
1382 F), and may not begin transformation for 10 minutes following 
the quench to the transformation temperature. 
The high strengths reported for these materials can be 
(19) 
explained by the fineness of the carbide precipitates. 
The carbides within an individual sheet tie up dislocations 
introduced by straining on a very localized scale. As strain 
progresses, carbide-dislocation lamellae are built up which are 
virtually impenetrable. Therefore, dislocations are free to 
move only between the sheets. This implies that a widespread 
pattern of precipitate sheets can be very effective in the 
strengthening of steels. Drawbacks are noted, in that the pre- 
cipitate sheets align parallel to ferrite cleavage planes. 
Consequently, a severe loss of ductility and fracture toughness 
can be experienced if the sheet spacing is the wrong size. 
However, the advantages of a single heat treatment, free from 
quench cracking, and the prospect of reduction of alloying 
additions make carbide precipitation an interesting prospect 
for strengthening of steel. 
Experimental Objective 
The intent of this investigation was to develop a material 
data base for steel meeting the requirements of ASTM A737 Grade 
15 
C Pressure Vessel Grade.  Included in the testing was strength In 
tension, impact test transition curves and nil-ductility transition 
temperatures, and static and dynamic fracture toughness developed 
fhrough the J integral. 
Additionally, a limited test program was conducted to deter- 
mine whether or not this grade of- steel could be strengthened by 
interphase carbide precipitation, and if so, what the effects 
would be on transition temperatures and static fracture toughness. 
16 
PROCEDURES 
Materials 
The steel plate for this project was provided by the Armco 
Steel Corporation. It was a Vanadium-Nitrogen treated low-sulfur 
alloy, Intended to fulfill the ASTM specification for A737 Grade 
C, Pressure Vessel Plate, although it could also meet A633 
Grade E (Structural Plate) in the normalized condition.  Both 
normalized and quenched and tempered plates were provided.  The 
plates were roughly 76 mm x 1170 mm x 915 mm (3 in. x 46 in. x 
36 in.) and were all drawn from the same heat of steel.  Following 
rolling, all plates were normalized by austenitizing at 900 C 
(1650 F) for 30 minutes followed by an air cool. The quenched 
and tempered plates were then re-austenitized at 900 C (1650 F) 
for 40 minutes, water quenched, and tempered at 660 C (1220 F) 
for 30 minutes, followed by an air cool.  Chemical analysis and 
mechanical properties were evaluated by Armco, as shown in 
Table 1. 
The material for the carbide precipitation tests was 
drawn from a section of normalized plate..  Preliminary heat 
treatments were performed on 10 mm (.394 in.) square samples to 
determine a suitable heat treating program for development of 
precipitation. All samples were placed in a Lindbergh Globar 
furnace at 1200°C (2192°F) for ten minutes, followed by a 
quench into a salt pot.  The first series of samples was held 
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at 660° C (1220°F) for between 30 minutes and two hours; the 
second series was held at 725 C (1337 F) for between five 
minutes and one hour. 
The larger samples used for mechanical testing purposes 
were machined to be 51 mm x 108 mm x 121 mm (2 in. x 4 1/4 in. 
x 4 3/4 in.). Due to equipment size limitations it was necessary 
to heat treat six blocks separately. All-were placed in a 
Lucifer Globar furnace set at 1200°C (2192°F) for 30 minutes. 
A chromel-alumel thermocouple placed in the center of one 
block indicated that this gave a total of 16 minutes at greater 
than 1100°C (2012°F), 11 minutes at greater than 1150°C (2102°C), 
and 3 minutes at greater than 1200 C. The blocks were then 
removed and quenched in a salt pot set at 705°C (1300 F).  The 
salt temperature rose to about 730 C (1346 F) in all cases, 
then stabilized within five minutes.  The salt was held at 
■■ i... 
720°C (1328°F) for the remainder of the treatments, which 
totalled 65 minutes per sample. The blocks were then removed 
and air cooled. 
Metallography 
b 
Metalldgraphic samples were obtained from unused Charpy 
I 
samples.  The samples were mounted in Bakelite with the rolling 
direction observable (TL orientation). All samples were rough 
ground on a belt sander, then fine ground progressively on 240-, 
320-,400-, and 600-mesh silicon carbide papers, and were rinsed 
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thoroughly with water between mesh sizes. Polishing was then 
performed using, in turn, 1 micron, .3 micron, and .06 
micron alumina  polishing powders and water. The samples 
were etched in 2% Nital for 15 seconds, washed, and dried 
using acetone and a hot air blast. Microscopic examination 
was done using a Zeiss Axiomat metallograph, and photography 
employed Polaroid PN55 black and white film. 
Tension Testing 
Standard 6.35 mm (.250 in.) buttonhead tension specimens 
were machined in both the longitudinal (LT) and transverse (TL) 
orientations. The specimens provided for a 25.4 mm (one inch) 
gauge length. The standards of ASTM specification E8 were 
followed in all testing. 
The room temperature tests were run on a 267 kN (60,0001b.) 
capacity Baldwin Universal Tester with the 26.7 kN (6,000 lb.) 
scale set. A strain rate of 1.8 mmpm (.07 ipm) was used; a 
faster strain rate would not allow the chart recorder to 
keep up with the test. An extensometer was used to measure 
elongation to past the yield point; a load-displacement record 
was kept on an x-y recorder, and the specimens were tested 
to failure. 
The low temperature tests were run on a 44.5 kN (10,000 lb.) 
capacity Instron Universal Tester. The specimens were immersed 
in a cooling bath during testing, either methanol cooled by 
liquid nitrogen Cfor -50°C (-58°F)) or 2-Methylbutane cooled by 
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liquid nitrogen (for -100°C (-148°F)).  The specimens were 
held at temperature for at least 10 minutes prior to testing, 
and the bath was mechanically stirred. As the specimens were 
tested while still in the bath, no extensometer could be used. 
The free-running cross head speed was set to 5.1 mmpm (0.2 ipm), 
and the chart speed was known, so a fairly reliable load- 
displacement trace was kept on an x-y recorder. 
0.2% offset yield strength was calculated for all specimens, 
and ultimate tensile strength was calculated from maximum load. 
The elongation and Reduction in Area were computed by fitting 
together the two halves of the specimens and measuring final 
gauge length and diameter with vernier calipers. 
Charpy Impact Testing 
Standard Type A impact specimens were machined in the 
transverse (TL) orientation. Testing was performed on a 
calibrated 325J C240 ft.-lb.) Satec SI-1 impact testing machine, 
according to ASTM specification E23.  The low temperature speci- 
mens were cooled in a bath of 2-Methylbutane cooled by liquid 
nitrogen, which was mechanically stirred.  Specimens were held 
at temperature for a minimum of ten minutes before testing, 
and were tested within five seconds after removal from the 
bath. High temperature specimens were heated in warm water; 
otherwise, the procedure was identical. 
The impact energy of each specimen was noted from the gauge 
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built into the machine; lateral expansion was measured by the 
use of dial gauge along the edge of the specimens; and fibrous 
fracture was computed by measuring the amount of flat fracture 
appearance with vernier calipers. 
NDTT Testing 
The nil-ductility transition temperature tests were conducted 
according to ASTM specification E208. Eight P3 specimens for either 
heat treatment were machined in the transverse (TL) orientation, 
to make them consistent with the Charpy Impact specimens. Weld 
beads were deposited using Harden-N welding electrodes, 160 
Amperes, 30 Volts, and a 64 mmpm (2.5 ipm) travel speed.  The 
weld beads were notched as per E208. 
Testing was done on a drop test apparatus in Whitaker 
Laboratory at Lehigh. A 334N (75 lb.) weight dropped from 
1220 mm (48 in.) provided the necessary 400J (300 ft.-lb.) 
striking force. All specimens were cooled in a bath of methanol 
cooled by liquid nitrogen, which was mechanically stirred, 
and were held at temperature for at least 15 minutes 
prior to testing. The specimens were tested within 15 seconds 
after removal from the bath. The NDT temperature was determined 
by .the specimen which failed at the highest temperature, as 
per E208. 
Static Fracture Toughness Testing 
Standard 38 mm (1.5 in.) compact tension specimens (see 
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Figure 1) were machined in the transverse (TL) orientation. 
All specimens were precracked on an Amsler Vibrophore apparatus, 
well within the limitation imposed by ASTM specification E399. 
However, not all specimens were held within the limitations 
of Equation 7.  The bulk of the normalized specimens, and 
quenched and tempered specimens 151 to 156, were precracked using 
a 44.5 kN CIO,000 lb.) load to initiate, the crack, followed by 
a 29.4 kN (6,600 lb.) load for the final 13 mm (.5 in.) of 
crack length.  This was approximately 38% of the maximum load 
■ set by Equation 7, in excess of the 25% limit.  However, the 
final two normalized^specimens were subjected to loads of 19.6 kN 
(4,400 lbs.) with about 3 mm (.12 in.) of necessary growth remain- 
ing, and the crack did not reinitiate. The high toughness of 
the material can be a factor in fatigue crack growth,    and 
the overload is not considered a factor in the results obtained. 
Quenched and tempered specimens 157-165 were able to be precracked 
with a 19.6 kN (4,400 lb.) load over the final 3 mm (.12 in.) 
and so remained within the 25% limitation. 
Testing was accomplished on a 534 kN (120,000 lb.) capacity 
Baldwin Universal Tester.  Specimens were pulled in tension, 
the load measured by a strain gage in the load cell, and the 
crack opening displacement measured by a clip-type strain gage 
set at the load line of the specimen. A Vishay amplifier and 
a Hewlett-Packard x-y recorder were used to plot a load-load 
line displacement trace (see Figure 2).  Room temperature 
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specimens were not pulled to failure. 
Low temperature tests were conducted inside an insulated 
spray box which enclosed the specimen and clevis grips. Liquid 
nitrogen was sprayed directly onto the specimen; temperature 
was measured by an iron-constantan thermocouple embedded within 
the specimen. All specimens were held at or below test tempera- 
ture for at least 20 minutes prior to testing.  Some -50 C (-58 F) 
specimens and all -100°C (-148°F) specimens failed during testing. 
For specimens which did not fail during testing, crack 
extension was marked by heat tinting at 340 C (644 F) for lh    x 
hours.  These were then immersed in liquid nitrogen till cold, 
removed, and broken open on the Baldwin. The crack extension 
(Aa) was measured under a microscope, using a stage with a 
micrometric drive; an average of nine points acrbss the crack 
face was used to calculate Aa. All other specimen dimensions 
were measured with vernier calipers. The area under the load- 
load line trace was calculated; data was used as outlined in the 
introduction to calculate fracture toughness parameters. 
Dynamic Fracture Toughness Testing 
Standard 38 mm (1.5 in.) thick three-point bend specimens 
were machined in the transverse (TL) orientation. All specimens 
were precracked on an Amsler Vibrophore appratus, well within 
the limitation Imposed by ASTM specification E399. While not 
specified for this type of test, it was decided to stay close 
to the precracking criterion of Equation 8, which are more 
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restrictive than E399. The fatigue cracking was initiated by 
44.5 kN CIO,000 lb.) loads, which were reduced to 29.4 . kN (6,600 
lb.) with 13 mm (.5 in.) to be cracked, and further reduced to 
19.6 kN (4,400 lb.) with 3 mm (.12 in.) to be cracked.  This 
procedure kept the final load to approximately 30% of that 
given by Equation 8. 
Testing was done in Fritz Laboratory at Lehigh, using a drop 
weight apparatus set up for three-point bend testing. A 1.78 kN 
(400 lb.) weight dropped from a height of 915 mm (36 in.) 
provided the striking force.  Half-round 13 mm (.5 in.) diameter 
rods were placed at the impact points to cushion the impact 
and prevent ringing. The striking tup was instrumented to record 
the failure energy. 
All low temperature specimens were cooled in a bath of 2- 
Methylbutane cooled by liquid nitrogen, which was mechanically 
stirred.  The specimens were held at temperature for a minimum 
of fifteen minutes before testing. All specimens were tested 
within 25 seconds after removal from the bath. 
Data from the impact was stored through a Vishay amplifier 
and a Nicolet Model 206 transient recorder, and plotted on a 
Hewlett-Packard x-y recorder. All specimen dimensions were 
measured with vernier calipers. The area under the load-time 
trace (Figure 4) up to maximum load was calculated; data was 
used as outlined in the introduction to calculate fracture 
toughness parameters. 
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Interphase Precipitation Investigation  
Samples for TEH investigation were taken from specimens 
which had been heat treated to develop carbide precipitation. 
For the two preliminary treatments, these were taken from Charpy 
size samples; for the main treatment, they were taken from the 
shoulder of a tension test sample which had been machined from 
one of the large blocks. 
Wafers .4 mm (.016 in.) thick were cut using a diamond 
saw.  Circular discs 3 mm (.12 in.) in diameter were then made 
either through the use of a punch or by. electro-discharge 
machining. The discs were then thinned on 320, 400, and 600 
mesh silicon carbide papers, to a thickness of .076 mm (.003 
in.). The discs were jet polished in preparation for the TEM, 
using a 2% perchloric acid-methanol solution chilled to -70 C 
(-94 F) at 110 volts. Some foils required further thinning and 
cleaning using ion thinners, at 6 kV, 50 uA, 12° incident 
angle, for 20 minutes. The foils were examined under either 
the Philips EM300 or Philips EM400 Transmission Electron Micro- 
scope. 
Specimens for mechanical testing were machined from six 
large blocks of steel. The first block was machined into 
tension and Charpy Impact samples, all in the TL orientation. 
The remaining five blocks were machined into compact tension 
samples for static fracture toughness tests. Procedures were 
as described above, with these exceptions: the tension tests 
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were run at room temperature on the Instron with an extensometer; 
the high-temperature Charpy specimens were heated in oil, and the 
compact tension specimens were all tested to failure. 
..,./ 
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RESULTS AND DISCUSSION 
Metallography 
Both the normalized and quenched and tempered mlcrostructure 
exhibited a very fine grained ferritic-pearlitlc matrix. The 
normalized structure (see Figure 5) had a grain size of approxi- 
mately ASTM No. 10, compared to about No. 12 for the quenched 
and tempered structure (see Figure 6). Neither sample contained 
low temperature transformation products, the formation of which 
were inhibited by the relatively low hardenabillty of the material. 
The normalized structure was characterized by severe 
pearlite banding, which can be observed best in Figure 5a. The 
quenched and tempered structure had a much less severe, but 
detectable, banding.  The relatively high manganese content 
of the steel probably contributed to this problem, which the 
quench and temper process was not able to completely erase. The 
quenched and tempered material would be expected, on the basis 
of a finer grain size and a more homogeneous structure, to have 
mechanical properties superior to those of the normalized material. 
Tension tests 
Results for the tension testing are given on Table 2, and in 
Figures 7-10.  It can be seen on Figure 7 that yield strength 
decreased with increasing temperature in all cases, while Figure 8 
shows similar behavior for tensile strength. The yield strength 
for the normalized- transverse (TL) material declined from 565 MPa 
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C81.9 ksi) at -100°C C-148°F) to 402 MPa (58.3 ksi) at room 
temperature, and for the quenched and tempered transverse (TL) 
material a similar drop of 614 MPa (89.0 ksi) to 465 MPa (67.5 
ksi) was experienced. . The normalized longitudinal (TL) material 
had slightly higher yield and tensile strengths than the trans- 
verse material at room temperature, which may be explained by 
the orientation of the banding in these specimens; the trans- 
verse specimens were pulled across the banding, and so should be 
less strong than the longitudinal specimens.  The quenched and 
tempered materials, which had a much less obvious banding, 
had no such orientation dependence. The quenched and tempered 
material fulfilled the requirements of ASTM A737 Grade C; however, 
the normalized material did not meet the minimum yield strength 
requirement of 415 MPa (60 ksi) in the transverse orientation; 
the longitudinal orientation did fulfill the specification. This 
plate material will meet the chemical requirements for A633 Grade 
E structural plate as well as A737 Grade C. Only the normalized 
material is a candidate for ASTM A633 Grade E, however (A633 does 
not specify a quenched and tempered grade), and once again the 
yield strength minimum for this thickness plate was not met in 
the transverse orientation. The elongation of the material, which 
tended to increase slightly with decreasing temperature (see Figure 
9) did not vary significantly with varying heat treatment or 
orientation, and -indicated that all conditions will easily meet 
the ductility requirements of both A737 Grade C and A633 Grade E. 
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Charpy Impact Tests 
Results from the Charpy Impact tests are presented in Table 
3A and In Figures 11-16. Both one-quarter and one-half thickness 
specimens in the transverse (TL) orientation were tested, with no 
significant -difference in properties observed due to the location 
from which the specimens were drawn. The 20J (15 ft.-lb.) tempera- 
ture was -62°C (-80°F) for the 1/4T normalized case, and -64°C 
(-83 F) for the quenched and tempered case. The 68J (50 ft.-lb.) 
temperature was -19 C (-2 F) for the 1/4T normalized case, and 
28°C (-18°F) fbr the 1/4T quenched and tempered case. Clearly 
the quenched and tempered material had somewhat better impact 
toughness than the normalized material. 
A fairly wide transition temperature range was shown for 
bo1:h heat treatments, as can be seen in Figures 11 and 12 (impact 
energy), Figures 13 and 14 (fibrous fracture), and Figures 15 
and 16 .(lateral expansion). This indicates that no rapid falloff 
of properties should be expected with a drop in temperature. 
The A633 specification lists an Appendix for recommended Charpy 
Impact energies, which the normalized material in this test 
easily fulfills. 
NDTT tests 
The results from the Nil-Ductility Transition Temperature 
testing are presented in Table 3B. The Nil-Ductility Transition 
(NDT) temperature was -50 C (-60 F) for the normalized material, 
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and -55 C (.-70 *") for the quenched and tempered material. In 
both cases, the NDT temperature was well above the 20J (15 ft.-lb.) 
Charpy impact energy temperature, indicating that the Charpy 
test produced conservative results for this material.  Significant 
deformation occurred in all samples at the NDT temperature, showing 
that a good degree of ductile failure was still present at these 
low temperatures. 
Static Fracture Toughness tests 
The results of Static Fracture Toughness testing are given 
in Table 4 for the normalized condition and Table 5 for the 
quenched and tempered condition. R-curve plots were used to 
determine the J -values at 22°C (72°F) and -50° (-58°F); these 
are shown in Figures 17 and 18 (normalized) and Figures 19 and 20 
(quenched and tempered). No R-curves could be constructed for. 
either condition at -100°C (-148°F), as no crack extension 
occurred prior to failure of the specimens; an average of three 
samples was used to determine JTf1 in these cases. 
The K_c values presented in Tables 4 and 5 were calculated 
from the J__ values using Equation 13 since no valid K-_ by E399 
could be determined. Samples of both heat treatments had a 
declining fracture toughness with decreasing temperature; the 
normalized condition dropped from 213 MPa^m (194 ksi/ln) at 
22°C (72°F) to 102 MPavC (93 ksi/fn) at -100°C (-148°F). The 
quenched and tempered condition experienced a similar drop from 
248 MPa^m (226 ksi/ln) to 155 MPa^" (141 ksi/in). The quenched 
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and tempered toughness may not be a minimum at -100 C; while no 
crack extension occurred, the specimens did have some ductile 
tearing, whereas the normalized specimens fracture,flatly at 
this temperature. The temperature dependence of the static 
fracture toughness is illustrated in Figure 19, where it can 
be seen that toughness decreased only slightly from 22 C (72?F) 
to -50°C (-58°F); the major falloff occurred between -50°C 
i 
and -100 C (-148 F). This came as no surprise since both Charpy 
and NDTT tests indicated good ductility and toughness at -50 C. 
Dynamic Fracture Toughness tests 
Results for the Dynamic Fracture Toughness testing are , 
presented in Tables 6 (Normalized condition) and Table 7 (Quenched 
and Tempered condition). The variation of dynamic toughness with 
temperature is shown in Figure 22.  As with the static fracture 
i 
tests, it can be seen that toughness declined with temperature; 
however, while static toughness was still high at -50 C (-58 F) ,* 
the dynamic toughness had already reached a lower limit at this 
temperature.  The toughness did not drop any further when the 
i 
specimens were chilled to -100°C (-148°F). At the higher temperatures 
the dynamic toughness of the quenched and tempered specimens was 
superior to that of the normalized specimens; at the lower 
temperatures, the toughnesses were not significantly different. 
Fracture Toughness Summary 
A summary of fracture toughness results is presented in Table 
31 
8. One of the interesting developments was the higher toughness 
in the dynamic, rather than static, condition at room temperature. 
This may well have been due to the problems alluded to in the 
Introduction, i.e., inability for the test to separate crack 
'propagation from instability; however, as the traces obtained 
were of reasonably good quality, this remains an open question. 
It should be noted that this same result has been observed before 
(9) (20) in Lehigh ' and other investigations.   ' 
The relative equivilancei1 of static and dynamic fracture 
toughness values for the normalized steels at -100 C (-148 F) 
were somewhat expected, as this indicates the lower shelf of 
this material had been reached. The static fracture toughness 
for the quenched and tempered material is higher than the dynamic; 
as noted earlier, the lower shelf was not reached at -100 C for 
this material. A calculation for the temperature shift between 
(21) 
static and dynamic fracture toughness tests has been suggested, 
as follows 
T (°F) » 215 - 1.5 a  (ksi) (17) 
which would imply a shift in temperature of approximately 70 C 
(126 F) between equal values of static and dynamic fracture 
toughness. The difference at -50 C (-58 F), where dynamic 
values are well below static values, indicates that the dynamic 
toughness was shifted to lower temperatures than the static 
toughness. Not enough temperatures were tested to accurately 
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determine whether or not the 70 C number is valid; but, by 
comparing the static and dynamic curves at about 150 fcffWm 
a shift of 60 C to 70 C is suggested. 
A plot of the crack toughness values referred to in Table 8, 
is given in Figure 23. The dynamic values can only be approximate, 
since the dynamic yield strengths were not known; for the purpose 
of this calculation, the dynamic yield strengths were estimated 
by adding 138 MPa (20 ksi) to the corresponding static yield 
strengths. It can be seen that the crack toughness was relatively 
constant with respect to heat treatment. The relationship between 
static and dynamic toughness remains as before. 
Interphase Precipitation Investigation 
The special heat treatments used to induce interphase carbide 
precipitation resulted in a grain size somewhat coarser than what ' 
had existed in the normalized plate. Figures 24a and c show a 
typical area of the microstructure, which was part ferrite, part 
pearlite, and part Widmanstatten precipitate. Figure 24b and d 
shows an area of banded structure, where the banding now was 
entirely Widmanstatten precipitate. The coarser grain size was 
due to the abnormally high (J200 C) austenitizing temperature to 
which the specimens were subjected. 
The larger test specimens were heat treated in this way 
because carbide precipitation, in the form of interphase precipita- 
tion, was detected in the small test specimens. Figure 25 shows 
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an area of interphase precipitation (IPP) detected in a specimen 
which was austenitized for 10 minutes at 1220°C (2228°F) and 
solution treated in a salt pot for one hour at 725°C (1337°F). 
Based on this microstructure, the larger specimens were given a 
similar treatment. While no IPP was detected in the lower 
temperature (660 C) test specimens, this does not indicate that 
it was not there; it may merely have been too fine to detect 
under the TEM.  In any event, no large samples were solution 
treated at 660°C. 
Following tension testing, samples which were cut from the 
shoulder of a tensile specimen also displayed IPP. Two separate 
areas which developed precipitates are shown in Figures 26 and 
27. While slightly different morphologies appeared to occur 
in the two areas, this may have resulted merely from the inability 
to tilt the specimen towards a favorable viewing angle. STEM 
analysis of the precipitate shows a high level of vanadium with 
respect to the matrix, removing doubt that.the precipitate was 
vanadium carbide. The precipitate was not prevalent throughout , 
the samples, which may be due to the relatively low level of 
vanadium available to form IPP. The difficulty experienced in 
detecting the precipitate rows suggests that much may have gone 
unseen, also. 
Tension test results showed a considerable increase in 
strength over the conventional heat treatments. Table 9 gives 
the mechanical property data of the IPP material, while Table 10 
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compares it to the conventional heat treatments. The yield 
strength at room temperature was 529 MPa (76.7 ksi) and the 
tensile strength was 746 MPa (108.2 ksi). As can be seen in 
Table 10A, these parameters exceeded both normalized and quenched 
and tempered strengths. However, ductility as measured by both 
elongation and reduction in area, was reduced. This may have 
been due either to the spacing of the precipitate sheets or the 
enlarged grain size, or both; it was not within the scope of 
this experiment to determine the cause. 
Charpy Impact tests indicated that the increase in strength 
was achieved at the expense of impact toughness. The data 
presented in Tables 9B and 10B, and in Figures 28 through 30, , 
show.that the IPP material had a lower upper shelf and a transition 
range at a higher temperature than the conventional materials. 
Figure 31 shows the shift in impact energy transition temperature; 
the 20J (15 ft.-lb.) impact energy temperature shifted upward by 
88 C from the quenched and tempered.  Clearly, impact properties 
across the board suffered severely. As with the ductility, it 
was indeterminate precisely what the cause was for the deterior- 
ation of properties. 
The fracture toughness tests confirmed the Charpy Impact 
data. Four compact tension specimens were tested, two with a 
slow loading rate to calculate the J__ value, and two rapidly 
XL 
for the K__. Results are given in Table 9C. As can be seen, 
no ductile tearing or extension occurred before specimen failure. 
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The fact that a valid K__ test could be conducted at room tempera- 
, ture indicates the severe deterioration of fracture toughness 
properties. The KL- values for specimens CT1 and CT2 were cal- 
culated from the J__, but CT3 and CT4 were valid tests by E399. 
The necessary specimen thickness for a valid K__ test was approxi- 
mately 35 mm (1.38 in.); this was compared with 700 mm (27.56 in.) 
for the normalized condition and 712 mm (28.03 in.) for the 
quenched and tempered condition at room temperature. The compari- 
son of the three conditions is shown in Table IOC. 
It must be pointed out that the interphase precipitated 
material could not be called A737 Grade C. While this specification 
does not require Charpy or fracture toughness values, the material 
did not meet the ductility requirements of A737, and it actually 
exceeded the tensile strength limitation. While these toughness 
results indicate that this material would be a poor choice for a 
critical application, the temperature used for the heat treatments 
have a significant effect on the mechanical properties of this 
material, and so it is unlikely that, an optimum balance of strength, 
ductility, and toughness was achieved in what was essentially the 
first attempt at interphase precipitation treatment of this steel. 
By exploring a range of transformation paramters, it may be possible 
to both enhance the strength of the subject steel, and still receive 
acceptable toughness for use in critical situations. 
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CONCLUSIONS 
1. The quenched and tempered steel, meeting the A737 -Grade C 
specification, had superior yield strength and tensile strength 
compared to the normalized. At room temperature, the yield 
strength was 465 MPa (67.5 ksi) compared with 402 MPa (58.3 ksi) 
for the normalized steel, and tensile strength was 587 MPa 
(85.2 ksi), compared to 566 MPa (82.1 ksi) for the normalized 
steel. Ductility as measured by elongation was not significantly 
different for the two heat treatment conditions. 
2. The quenched and tempered steel had slightly superior impact 
toughness properties compared with the normalized steel.  In the 
transition range, the quenched and tempered steel had a maximum 
temperature shift improvement of 10 C (18 F) over the normalized 
steel.  The upper shelf energy of the quenched and tempered 
steel, 109J (80 ft.-lb.) was 11J (8 ft.-lbs.) higher than 
that of the normalized steel. 
3. The static fracture toughness of the quenched and tempered 
steel, as measured by the J-integral, was superior at all 
temperatures to the normalized steel. The toughness varied 
from 248 MPa^m (226 ksi*Tn) at 22°C (72°F) to 155 MPa*£i 
(141 ksii^Ui) at -100°C C-148°F) for the quenched and tempered 
steel, and from 213 MPa*£i (194 ksi/fn) at 22°C to 102 MPavSn 
(93 ksi>Tn) at -100°C for the normalized steel. The quenched 
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and tempered steel had not yet reached a minimum value at the lowest 
temperature tested C-100 C). The dynamic fracture toughness was 
not dependent upon heat treatment at lower temperatures, where 
a minimum shelf was reached; at -100 C (-148 F) the toughness 
was 123 MPai'm (112 ksi/Tn) for the quenched and tempered steel 
and 128 MPaVm" (116 ksivTn) for the normalized steel. At tempera- 
tures greater than -50 C (-58 F), the quenched and tempered 
dynamic toughness was superior to that of the normalized steel; 
at 22°C (72°F) the toughness was 379 MPaVm" (345 ksi/in) for 
quenched and tempered compared with 308 MPaVm" (281 ksivTn) 
for normalized. 
4. A737 Grade C steel can be strengthened by interphase pre- 
cipitation by austenitizing at 1200°C (2192°F) and solution 
treating at 725°C (1337°F) for one hour. However, this streng- 
thening is achieved at a severe cost in impact and fracture 
toughness properties. 
5. The normalized steel, as received, fell slightly below the 
room temperature strength requirement of ASTM A737 Grade C, in 
the transverse (TL) direction only. The steel did fulfill the 
specification in the longitudinal (LT) direction. The difference 
in properties between orientation was probably due to a pro- 
nounced ferrite-pearlite banding effect detected in the micro- 
structure. 
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